Abstract Type 2 diabetes mellitus (T2DM) is a complex metabolic disease characterized by the loss of beta-cell secretory function and mass. The pathophysiology of beta-cell failure in T2DM involves a complex interaction between genetic susceptibilities and environmental risk factors. One environmental condition that is gaining greater appreciation as a risk factor for T2DM is the disruption of circadian rhythms (eg, shift-work and sleep loss). In recent years, circadian disruption has become increasingly prevalent in modern societies and consistently shown to augment T2DM susceptibility (partly mediated through its effects on pancreatic beta-cells). Since beta-cell failure is essential for development of T2DM, we will review current work from epidemiologic, clinical, and animal studies designed to gain insights into the molecular and physiological mechanisms underlying the predisposition to beta-cell failure associated with circadian disruption. Elucidating the role of circadian clocks in regulating beta-cell health will add to our understanding of T2DM pathophysiology and may contribute to the development of novel therapeutic and preventative approaches.
Introduction
Accumulating evidence collected over the last few decades point to pancreatic beta-cell failure as one of the key pathophysiological events responsible for the development of Type 2 diabetes mellitus (T2DM) [1] . Thus, preservation of betacell health presents a critical barrier for the development of successful preventative and therapeutic strategies to combat the rise in diabetes prevalence. Beta-cell failure in patients with T2DM is multifaceted and manifests as (1) nearly absent insulin release in response to intravenous glucose challenge [2] , (2) diminished insulin response following oral glucose or meal tolerance test [3] , (3) reduced incretin-mediated amplification of insulin secretion [4] , and (4) impaired insulin release in response to nonglucose secretagogues (ie, arginine) [5] . Given that insulin is preferentially released in discrete secretory pulses, patients with T2DM also exhibit a decline in the amplitude and orderliness of pulsatile insulin release [6] . Importantly, many of the characteristic features of beta-cell failure are seen "early" in the etiology of the disease (ie, impaired fasting glucose (IFG) and/or impaired glucose tolerance (IGT) stages [1] , and even present in normoglycemic first degree relatives of patients with T2DM [7] . This suggests that beta-cell failure often precedes diabetes diagnosis and likely exhibits a strong genetic component. In support of this, recent genome-wide association studies (GWAS) have identified several T2DM-associated gene variants mechanistically involved in the regulation of insulin secretion [8] .
The causes of beta-cell failure in T2DM are likely complex and multifactorial, but can be generally ascribed to an interplay between impaired beta-cell secretory function and the loss (or inappropriate formation) of beta-cell mass. The estimate of collective numbers of beta-cells in the pancreas is referred to as the beta-cell mass and the appropriate release of insulin by pancreatic beta-cells in response to secretory stimuli as the beta-cell secretory function (terms that will be used hereafter). The quantitative contribution of beta-cell dysfunction vs loss of beta-cell mass to T2DM onset and beta-cell failure remains an area of investigation [9] . A~20 %-60 % deficit in beta-cell mass in T2DM has been documented by a number of independent groups utilizing postmortem autopsied pancreatic tissues for morphometric analysis [10] [11] [12] [13] [14] . In addition, beta-cell loss has been reported in pancreatic tissues collected from individuals with IFG and/ or IGT, implying that the decline in beta-cell numbers is evident "early" in the evolution of diabetes, and deteriorates further with disease progression [10, 14] . Mechanisms underlying beta-cell loss in T2DM are likely multifaceted, but have been attributed in part to elevated beta-cell apoptosis reported in autopsied pancreatic tissues as well as protein lysates from T2DM islets [10, 14, 15] . Although the exact molecular pathways contributing to beta-cell apoptosis in T2DM remain to be elucidated, distinct mechanisms have been proposed including cytotoxicity due to prolonged exposure to high glucose levels (glucotoxicity) [16, 17] , cytotoxicity due to high concentrations of free fatty acids (lipotoxicity) [18] , and cytotoxicity due to intracellular formation of human islet amyloid polypeptide (h-IAPP) toxic oligomers (proteotoxicity) [19] . These mechanisms appear to converge to induce beta-cell apoptosis via activation of endoplasmic reticulum, oxidative, and/or inflammatory stress pathways [19] [20] [21] .
Loss of beta-cell secretory function, akin to beta-cell loss, also precedes diabetes diagnosis and becomes more pronounced with disease progression [1] . Pancreatic beta-cells are uniquely designed to respond to changes in ambient glucose levels through complex coupling of glycolytic metabolism and insulin secretion [22] . Beta-cell glucose uptake is initiated via glucose transporter (GLUT)-2 (GLUT-1 in human beta-cells) facilitative glucose transporters, which are characterized by high K m for extracellular glucose and localized to the outer edges of the beta-cell plasma membrane. Upon cellular entry, glucose is phosphorylated by glucokinase (GK), a high Km (lower affinity) enzyme with kinetics that make it well suited to serve as a glucose sensor and permit changes in the intracellular glucose metabolism to reflect changes in the extracellular glucose concentrations [23] . Therefore, the extent of pyruvate production and its subsequent entry into the tricarboxylic acid (TCA) cycle is directly proportional to the postprandial rise in blood glucose [24] . In beta-cells, pyruvate almost exclusively enters the mitochondria to fuel TCA cycle reactions leading to generation of ATP [25] . The cellular rise in intracellular ATP/ADP ratio couples glucose oxidation with insulin exocytosis through closure of ATP-sensitive K + (K ATP ) channels, resulting in membrane depolarization and Ca 2+ influx, which triggers exocytosis of the readily releasable pool of insulin granules. In addition, insulin secretion can also be potentiated via various secondary messengers and metabolites such as cyclic AMP (cAMP), which trigger insulin exocytosis by activating protein kinase A (PKA) and exchange protein directly activated by cAMP (EPAC1) [26] .
Mechanisms purported to mediate beta-cell secretory dysfunction in T2DM include (1) defects in beta-cell glucose transport and sensing, (2) defects in glucose oxidation and mitochondrial function, and (3) impairments in the insulin exocytosis machinery [27] [28] [29] [30] [31] . Furthermore, increased oxidative stress and generation of mitochondrial reactive oxygen species (ROS) in T2DM beta-cells contributes to secretory dysfunction by inactivating key beta-cell-specific genes and transcription factors purported to mediate insulin production, storage, and secretory apparatus (eg, Insulin (Ins), Pancreatic and duodenal homeobox 1 (Pdx1), Musculoaponeurotic fibrosarcoma A (MafA), and Homeobox protein (Nkx6.1)) [32] .
Taken together, beta-cell failure is a prerequisite pathophysiological event in the development of T2DM. Diverse molecular and physiological mechanisms underlying beta-cell failure can be distilled to progressive decline in beta-cell mass and insulin secretory function, attributed in part to the activation of beta-cell endoplasmic reticulum, oxidative and inflammatory stress pathways. Having introduced the mechanisms underlying beta-cell failure in T2DM, we will next focus on the discussion of potential mechanisms that mediate increased susceptibility to beta-cell failure following circadian misalignment, an increasingly regarded risk factor for T2DM [33] [34] [35] . We will start our discussion with a review of the organization of the circadian system in mammals.
Organization of the Mammalian Circadian System
The circadian (Latin circa-around; diem-day) system is a fundamental property of nearly all living organisms. Circadian clocks are highly conserved endogenous transcriptionaltranslational time-keeping mechanisms that permit organisms ranging from bacteria to humans to synchronize behavioral, physiological, and molecular processes with the earth's 24 hour light/dark cycle (LD]. These clocks can be set to local time or "entrained" by environmental stimuli called Zeitgebers (German "time giver" or "synchronizer") most commonly light, temperature, food, etc; however, rhythms also persist in the absence of environmental cues [36] . This fundamental ability of clocks to "free-run" in constant conditions yet entrain to periodic external factors allows organisms to anticipate time of the day and generate daily rhythms in behavior (eg, sleep-wake cycles), physiology (eg, cortisol secretion), metabolism (eg, glycolytic metabolism), as well as regulate a multitude of gene/protein expression profiles.
In mammals, the circadian system is organized as a multilevel oscillator network. The pacemaker (or master clock) is located in the suprachiasmatic nucleus (SCN) of the hypothalamus, where it receives photic information from specialized ganglion cells in the retina, synchronizing the SCN clock to the solar day [37] . In fact, light is the most salient stimulus responsible for the entrainment of the SCN to daily changes in the LD cycle [38] . The SCN subsequently drives circadian rhythms throughout the body via a combination of neural, endocrine, and systemic outputs [39] . Molecular circadian oscillators are present in most mammalian cell types (including pancreatic beta-cells [40•] ) and the SCN functions to synchronize the transcription of peripheral circadian clocks with changes in the LD cycle [41] .
At the molecular level, the mammalian circadian clock is composed of several "clock genes" and proteins involved in rhythmic~24 hour transcription-translation feedback loops [42] . In the positive limb of this feedback circuit, genes Circadian locomotor output cycles kaput (CLOCK) and Brain and muscle ARNT-like1 (Bmal1) encode basic helix-loophelix Per-Arnt-Single-minded (bHLH-PAS) proteins that form CLOCK-BMAL1 activator complexes and initiate transcription by binding to specific DNA sequences (E-boxes) in the promoter regions of target genes [43] . One set of target genes include Period (Per1/2/3) and Cryptochrome (Cry1/2), which comprise the negative limb of the feedback loop. PER and CRY proteins form heterodimers and inhibit the transcriptional activation by CLOCK-BMAL1, allowing a new circadian cycle to repeat [43, 44] . In another coordinated feedback loop, CLOCK-Bmal1 heterodimers also initiate the rhythmic E-box mediated transcription of orphan nuclear receptor genes RevErbα/β and RORα/β [45] . REV-ERB and ROR proteins compete for retinoic acid-related orphan receptor response element (RORE) binding sites upstream of Bmal1 to inhibit or activate its transcription, respectively [45, 46] . Posttranslational modifications of clock proteins such as phosphorylation, ubiquitination, and sumoylation greatly determine their stability and degradation, which plays a critical role in circadian cycle progression and setting the clock period. GWAS studies indicate that~3 %-20 % of genes may be under circadian control and are purported to mediate an array of vital cellular processes and functions [47] .
This complex multilevel circadian oscillator system undoubtedly provides an evolutionary advantage for human health and survival [35] ; however, this system becomes disadvantageous when lifestyle factors impose time constrains that produce misalignment between internal circadian oscillators and the external environment (circadian disruption or misalignment). In recent decades, human population has become increasingly exposed to conditions associated with the disruption of normal circadian rhythms, which can be partly attributed to an increased reliance on shift-work, extended work schedules, advent of new media technologies with 24-hour news and entertainment, and technological advances in lighting leading to extensive light pollution [48] . As an example, 70 % of adults self-report inadequate sleep quality and duration, and millions of people are exposed to daily shiftwork conditions in the United States alone [49] [50] [51] . Because the molecular clock sits at the absolute core of orchestrating an individual's metabolism [34, 47, 52] , disruption of normal circadian function has been reported to increase susceptibility to metabolic diseases, particularly T2DM [49, 53, 54, 55•, 56-60, 61•, 62, 63, 64•, 65, 66] . Next, we review current evidence associating circadian disruption, T2DM and betacell failure in humans.
Relationship Between Circadian Disruption, T2DM and Beta-Cell Failure
Insights From Human Studies
Numerous physiological functions are under direct control of the circadian system. In particular, regulation of glucose homeostasis in humans (glucose tolerance, insulin secretion, and insulin sensitivity) has been long known to exhibit robust circadian component [67] [68] [69] . The strongest evidence supporting the association between circadian disruption and T2DM comes from epidemiologic studies of individuals performing rotational shift-work across a variety of professional industries, who consistently show increased incidence of T2DM [53, 54, 55•, 56] . Epidemiologic studies also suggest that humans with disrupted/deficient sleep patterns exhibit an increased risk for T2DM, and sleep loss negatively impacts the treatment and management of diabetes in those already diagnosed [49, [57] [58] [59] [60] . While these studies undoubtedly provide strong supporting evidence linking chronic exposure to circadian misalignment and T2DM in humans, a number of confounding environmental, socioeconomic, and health-related variables may have contributed to the observed positive associations. Furthermore, such studies are often unable to differentiate the mechanisms (ie, insulin secretion vs insulin sensitivity, etc) underlying increased susceptibility to T2DM under circadian disruption.
A number of studies examined the impact of sleep/ circadian disruption on glucose homeostasis in humans under controlled laboratory settings [61•, 62, 63, 64•, 65, 66] . The classic study by Spiegel and colleagues [65] reported that 4 hours sleep deprivation per night for 5 days led to impaired glucose tolerance following the first breakfast meal, as well as in response to an intravenous glucose challenge (IVGTT). This data was the first clear demonstration that sleep loss may adversely affect beta-cell function and/or insulin sensitivity in humans [65, 70] . When beta-cell function was formally examined during the IVGTT, first phase insulin and cpeptide secretion were significantly diminished as reflected bỹ 40 % reduction in the disposition index (product of acute insulin repose and insulin sensitivity) [65] . A recent study also demonstrated glucose intolerance and decline in disposition index following 1 week of sleep restriction, although this effect was largely ascribed to a decrease in insulin sensitivity [62] .
To gain insights into specific effects of circadian misalignment on glucose homeostasis, selected studies attempted to separate independent effects of behavioral and circadian cycles by exposing subjects to circadian misalignment, during which healthy adults ate, slept, and functioned 12 hours out of phase of their typical daily living schedules (shift-work paradigm) [61•, 64•] . It was reported that 1-3 weeks of circadian misalignment caused subjects to exhibit postprandial hyperglycemia and glucose intolerance, with a subset of individuals (~40 %) notably exhibiting glucose intolerance values classified as "prediabetic" according to current diagnostic criteria [64•] . More importantly, 3 weeks of circadian misalignment (with concurrent sleep restriction) resulted in deficient fasting and postprandial insulin secretion (despite significantly elevated prevailing glucose levels), which was normalized 9 days after circadian re-entrainment [61•]. Similar results were reported in another study where 3 weeks experimental exposure to nocturnal lifestyle resulted in loss of the positive association between postprandial glucose and insulin concentrations, characteristic of beta-cell failure [63] .
Additional support for role of circadian system in glucose homeostasis and beta-cell health comes from GWAS studies. Recent GWAS studies have demonstrated an association between genetic variants in key circadian genes (eg, Cry2 and MTNR1B) and increased susceptibility to T2DM risk in humans [71, 72] . For example, a variant in a key component of the core circadian clock (Cry2) has been shown to be associated with increased fasting glucose levels and a decline in beta-cell function rendering increased risk of T2DM [71] . Perhaps the strongest genetic evidence supporting the role of circadian system in regulation of beta-cell health comes from GWAS studies that identified a link between a variance in the melatonin receptor 2 (encoded by MTNR1B gene) and increased risk for T2DM and impaired beta-cell function [72] [73] [74] . The gene linkage between MTNR1B and susceptibility to beta-cell failure has been extensively reproduced in many ethnically diverse cohorts worldwide and implies an important role for melatonin (key circadian hormone) in the regulation of beta cell function and/or mass in humans.
In summary, accumulating human studies suggest an association between prolonged occupational exposure to shiftwork and T2DM. Additionally, individuals experiencing short or disrupted sleep patterns show increased susceptibility to T2DM. In controlled clinical studies, acute 1-3 weeks circadian misalignment (alone) or in combination with sleep restriction results in dysregulation of glucose homeostasis and consequent glucose intolerance attributed in part to loss of beta-cell function (as well as decline in insulin sensitivity). Moreover, presence of circadian gene variants increases T2DM risk through predisposition to beta-cell failure. Whether chronic exposure to circadian disruption (or presence of circadian gene variants) in humans can contribute to beta-cell failure through beta-cell loss is presently unknown, largely due to the inability to accurately assess beta-cell mass in vivo. Human studies are also unable to fully elucidate the potential molecular and cellular mechanisms that may be responsible for induction of beta-cell failure in response circadian misalignment. Such limitations can be partially addressed by utilizing animal research models [40•, 75-77, 78 •, 79-81, 82•].
Insights From Animal Studies
Studies in rodent models support the premise that disruption of circadian rhythms leads to impaired glucose homeostasis and beta-cell failure, culminating in increased susceptibility to T2DM [40•, 75-77, 78•, 79-81, 82 •] ( Table 1) ). The original observation that Clock mutant mice exhibit diurnal hyperglycemia provided the first direct evidence that disruption of the molecular circadian clock impairs glycemic control in vivo [80] . In addition to increased body weight and prevailing hyperlipidemia, these mice were hypoinsulinemic, which is indicative of beta-cell failure that was subsequently confirmed by examining glucose-stimulated insulin secretion (GSIS) in isolated islets [40•] . Subsequent studies confirmed that global (whole body) mutations or deletions of other key components of the molecular clock (ie, Bmal1, Per1, and Per2) disrupt normal glucose homeostasis through induction of hyperglycemia and glucose intolerance, the latter associated with diminished GSIS [76, 77] .
Since molecular clocks regulate a multitude of physiological functions, beta-cell and pancreas-specific mutants have been developed to investigate whether, and through which mechanisms, targeted disruption of beta-cell molecular clock results in beta-cell failure [40•, 82•] . Over the last few years, these studies have clearly demonstrated that, (1) pancreatic islets express self-sustained oscillations of clock genes, which are disrupted by clock gene mutations, (2) disruption of the beta-cell circadian clock leads to hyperglycemia and overt glucose-intolerance, and (3) genetic disruption of the betacell circadian clock leads to impaired GSIS both in vitro and in vivo ( Table 1 ). The molecular mechanisms underlying betacell failure in clock mutants are under investigation and likely involve a combination of compromised beta-cell secretory function and mass [40•, 82•] . For instance, micro-array analysis revealed that islets isolated from Clock mutant mice exhibit altered expression of genes such as CyclinD1, Pdx1, and NeuroD1, known to regulate islet growth, survival, maturation, and proliferation, suggesting an involvement in the regulation of beta-cell mass and survival [40•] . Indeed, Clock mutant mice showed reduced islet size as well as a decline in beta-cell proliferation [40•] . Interestingly, primary beta-cells treated with siRNA for Rev-Erbα (another key component of the circadian clock) show diminished rate of beta-cell proliferation [81] . In addition to the potential abnormalities in beta-cell mass, Clock mutant mice exhibit distinct beta-cell secretory functional impairments in insulin vesicle trafficking, membrane fusion, and processing [40•] .
Studies in beta-cell specific Bmal1 knockout mice indicate that beta-cell failure consequent to beta-cell clock disruption, is attributed to reduced antioxidant gene expression, mitochondrial dysfunction, and oxidative stress-induced mitochondrial uncoupling as evidenced by the upregulation of mitochondrial uncoupling protein 2 (UCP2) [77, 82•] . UCP2 is believed to function as a negative regulator of mitochondrial ROS production and its upregulation may be an adaptive response to increased ROS in the beta-cells [83] . Interestingly, Ucp2 mRNA shows daily oscillations in islets, indicating direct control by the circadian clock [82•] .
Moreover, BMAL1 directly binds to E-box elements in the cis-promoter regions of nuclear factor erythroid 2-related factor 2 (Nrf2), a known master antioxidant regulatory factor [82•] . Therefore, BMAL1 and by extension the molecular clock in beta-cells, appears to orchestrate cellular antioxidant responses by regulating NRF2 levels, which subsequently activates a battery of downstream protective enzymes [84] . This would support the hypothesis that an intact circadian system upkeeps beta-cell homeostasis by providing resilience to oxidative stress, and scavenging excess ROS by the activation of several antioxidant genes [85] . It is, therefore, plausible Mice Clock
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Rev-erbα siRNA ↓ GSIS (in vitro) rhythm disruption due to environment-induced circadian misalignment (eg, shift work) or mutations in genes comprising the core circadian oscillator network leads to beta-cell failure and T2DM onset. Mechanisms underlying circadian disruption-induced beta-cell failure likely include (1) defective insulin secretory function, (2) altered rate of betacell growth, proliferation, and plausibly survival, and (3) increased betacell attrition due to augmented susceptibility to oxidative stress to hypothesize that circadian disruption can increase the susceptibility to oxidative stress and consequent beta-cell failure, particularly in context of gluco-/lipotoxicity or increased expression of h-IAPP (the known inducers of beta-cell oxidative stress in T2DM). Whereas, an intact beta-cell circadian clock may play a protective role against beta-cell failure due to the robust antioxidant cellular defenses now known to be at least in part orchestrated by the cellular circadian clock [84] . It is currently unknown whether environment-induced circadian misalignment in humans (ie, shift-work, jetlag, and constant light) contributes to beta-cell failure through disruption of the beta-cell circadian clock. However, recent animal studies have provided evidence that simulation of lightinduced circadian misalignment recapitulates metabolic and molecular defects observed in beta-cell specific clock gene mutants [75, 78•, 82•] . Specifically, circadian misalignment induced by 10 weeks exposure to constant light significantly alters the islet circadian clock function through impairment in the amplitude, phase, and inter-islet synchrony of clock gene oscillations [78•] . Consequently, exposure to constant light accelerated the development of hyperglycemia and beta-cell failure in diabetes-prone human islet amyloid transgenic (HIP) rats, observed independent of their weight gain [75] . Beta-cell failure in circadian-disrupted HIP rats was due to accelerated loss of both beta-cell secretory function and mass, as well as increased beta-cell apoptosis [75] . Since beta-cell circadian clock has been recently shown to orchestrate cellular response to oxidative stress [82•] , loss of antioxidant cellular defenses due to circadian disruption would accelerate the cellular attrition associated with overexpression of h-IAPP. Similarly, the simulation of shift-work conditions for 8 weeks in mice also resulted in development of fasting hyperglycemia associated with the impaired GSIS [82•] . Importantly, as in beta-cell specific BMAL-1 knockout mice, simulation of shift-work conditions led to islet mitochondrial dysfunction and increased susceptibility to oxidative stress [82•] . Taken together, evidence from both genetic and environmental models of circadian disruption in rodents supports the premise that circadian misalignment leads to loss of glycemic control in vivo associated with diminished beta-cell secretory function and mass (mediated in part through increased susceptibility to oxidative stress).
Conclusions
The incidence of T2DM has reached an epidemic proportion worldwide. T2DM is a complex metabolic disease characterized by fasting and postprandial hyperglycemia partly due to induction of pancreatic beta-cell failure, which manifests as a deficit in beta-cell mass and function. Lifestyle factors such as lack of exercise and high-fat diet have long been known to increase the risk for T2DM. Emerging evidence suggests that disturbance of normal circadian rhythms is another lifestyle factor that may contribute to T2DM development. In recent years, environmental conditions associated with disruption of circadian rhythms (eg, shift-work, sleep loss, light at night, etc) have become increasingly prevalent and reported to significantly augment T2DM susceptibility partly through its effects on the beta-cell.
The circadian system is a fundamental property of nearly all living organisms including humans, and intracellular molecular clocks synchronize individuals' biological processes to changes in LD cycles. Molecular clocks are present in most tissues (including beta-cells) and control a multitude of cellular functions, including the regulation of cellular metabolism and response to oxidative stress. A number of recent studies in rodent models with clock gene mutations as well as environment-induced circadian disruption were recently undertaken to delineate potential mechanisms of increased susceptibility to T2DM and beta-cell failure (Table 1 ). These studies report that mechanisms underlying circadian disruption-induced beta-cell failure likely include (1) defective insulin secretory function due to impairments in insulin vesicle trafficking, membrane fusion and processing, (2) altered rate of beta-cell growth, proliferation, and survival, and (3) increased beta-cell attrition due to augmented susceptibility to oxidative stress (Fig. 1) . Understanding the molecular and physiological mechanisms responsible for circadian disruption-associated risk of T2DM warrants further research, and holds potential for contributing to the development of novel therapeutic and preventative strategies.
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